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Fiber-Optic Pressure Sensor Based
on π -Phase-Shifted Fiber Bragg
Grating on Side-Hole Fiber
Qi Zhang, Nan Liu, Thomas Fink, Hong Li, Wei Peng, and Ming Han, Member, IEEE
Abstract— We present a fiber-optic pressure sensor based on a
π-phase-shifted fiber Bragg grating (πFBG) fabricated on a side-
hole fiber. Due to the resonance effect of a πFBG, its reflection
spectrum features two notches that are dramatically narrower
than the linewidth of a regular FBG of similar length. The narrow
spectral notches allow high-resolution measurement of their
spectral separation, significantly improving the pressure detection
limit (defined herein as the minimum detectable pressure change)
compared to sensors based on a regular FBG of a similar length
and on the same fiber. The πFBG demonstrated in this letter
is 8.3 mm long and the linewidth of each spectral notch is only
3.6 pm, corresponding to a quality factor of 4.3 × 105. The
spectral notch separation exhibited a sensitivity of 20 pm/kpsi to
pressure, which was limited by the geometry of the fiber holes,
and little sensitivity to temperature. The Bragg wavelength shift
exhibited a sensitivity of 11.4 pm/°C to temperature. In practice,
a spectral resolution of 0.028 pm can be easily achieved for the
πFBG demonstrated in this letter, leading to a pressure detection
limit of 1.4 psi and a temperature detection limit of 0.0025 °C.
Index Terms— Fiber Bragg grating (FBG), microstructure
fiber, optical fiber sensor, π-phase-shifted fiber Bragg grating
(πFBG), pressure measurement.
I. INTRODUCTION
F IBER-OPTIC pressure sensors possess many advantagesover their electronic counterparts including small size,
light weight, immunity to electromagnetic interference, and
potential for multiplexed measurement. Owning to their great
multiplexing capability, pressure sensors based on fiber Bragg
gratings (FBGs) on side-hole fibers are particularly attrac-
tive for applications where a large number of sensors are
desired such as industrial process control and structural
health monitoring in oil wells and power plants [1]–[4].
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A side-hole fiber consists of two air channels that run through
the fiber cladding and break the geometric symmetry of the
fiber [5]. In the presence of hydrostatic pressure acting on the
fiber surface, an anisotropic stress distribution is induced in
the core, which further generates fiber birefringence via the
photoelastic effect. The fiber birefringence, and consequently
the hydrostatic pressure, can be measured by the separation of
the FBG peaks in its reflection spectrum associated with the
two polarization states. Such sensors do not require external
transducers so they have the same size as the fiber and retain
the mechanical, thermal, and chemical properties of the fiber.
In addition, the temperature can be simultaneously measured
by monitoring the Bragg wavelength shift of the FBG peak.
The pressure measurement resolution or detection limit
(defined herein as the minimum detectable pressure change)
of the sensor is determined by two factors: 1) the pressure
sensitivity (defined herein as the spectral separation caused
by unit pressure) of the side-hole fiber and 2) the resolution
in measuring the relative wavelength shift of the FBG peaks.
Both factors can be used to improve the overall pressure detec-
tion limit of the sensor. To improve the fiber sensitivity, several
fiber designs, such as side-hole fibers with holes closer to the
fiber core and of larger diameters and fibers with complicated
holey structures [6], [7], have been studied. To improve the
spectral measurement resolution, the FBG peak needs to be
narrowed because, in many cases, the measurement resolution
of the wavelength shift is highly dependent on the linewidth of
the spectrum features and narrower linewidth typically leads
to higher spectral resolution. For example, Hu et. al. [8]
has shown that, given intensity noise and wavelength noise
of the measurement instrumentation, the minimum detectable
wavelength shift (λmin) of an optical resonator sensor is
inversely proportional to Q for wavelength interrogation (i.e.
using a tunable laser and a photodetector) and inversely
proportional to Q1/2 for angular interrogation (i.e. using a
dispersive element and an array of photodetectors), where
Q is the quality factor of the resonator. Unfortunately, the
spectral linewidth of FBGs with reasonable length is relatively
wide (typically > 100 pm) so that the spectral measurement
resolution is limited. In addition, the large linewidth makes it
difficult to measure small pressure levels for which the two
spectral peaks corresponding to the two polarization states
cannot be easily separated.
In this letter, we propose and demonstrate a hydrostatic
pressure sensor based on a short, strong π-phase-shifted
1041–1135/$31.00 © 2012 IEEE
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FBG (πFBG) [9] fabricated on a side-hole fiber that can
significantly improve the pressure detection limit over those
based on regular FBGs. The improved detection limit is due
to the extremely narrow spectral notches of the πFBG reflec-
tion spectrum, which allows high-resolution measurement of
the spectral separation and consequently the fiber birefrin-
gences [10]. A πFBG can be conceptually considered as a
Fabry–Perot (FP) resonator formed by two FBG mirrors. When
the two FBGs are highly reflective, the Q of the FP cavity is
increased, leading to spectral notches dramatically narrower
than the spectral linewidth of a regular FBG of similar length.
The short πFBG demonstrated in this letter, is 8.3 mm long
but features a narrow linewidth of only 3.6 pm for each of the
two spectral notches at center wavelength of ∼1544 nm. The
linewidth corresponds to a cavity Q of 4.3×105 and is tens of
times narrower than the linewidth of a regular FBG of similar
length. We studied the spectral notch separation for differential
pressure from 0 to 1000 psi and temperature from room
temperature to 200 °C. Due to the high spectral resolution, a
side-hole fiber with relatively small hole diameters can be used
and the spectral notch separation has little cross-sensitivity to
temperature variations. Additionally, we demonstrate that the
temperature can be measured with high resolution as well by
monitoring the shift of the Bragg wavelength. Similar to FBG-
based pressure sensors, the proposed πFBG pressure sensor
has excellent multiplexing capability.
II. SENSOR FABRICATION
A πFBG was fabricated on a side-hole fiber using a setup
schematically shown in Fig. 1, which consists of a scanning
UV beam at wavelength of 193 nm, a movable aperture, and a
phasemask on a high-precision linear translational stage. The
linear stage allows precise movement of the phasemask on
the nanometer level. The fiber was placed in front of the
phasemask. To fabricate the grating, first the UV laser was
focused onto the fiber through a cylindrical lens (not shown
in Fig. 1) and scanned over the aperture to inscribe half of
the grating. Then the phasemask was moved by a distance of
/2 along the fiber axis to introduce the π phase shift, where
 = 533.5 nm in our experiment is the pitch size of the
grating. After the movement of the phasemask, the aperture
was positioned to inscribe the other half of the grating, and
the UV laser was scanned again. The use of the 193 nm laser
allows us to fabricate strong gratings on standard Germanium-
doped fibers without photosensitization [11], [12].
Using the setup, we fabricated an 8.3-mm long πFBG
with narrow spectral notches on a side-hole fiber for high-
resolution hydrostatic pressure measurement. Figure 2a is a
picture of the side-hole fiber used in the experiment. The
fiber diameter is 125 μm, same as that of a conventional
single mode fiber. Both holes have diameters of ∼26 μm
and the distance between the center of the hole and the
fiber axis is ∼26 μm. Figure 2b and c show, respec-
tively, the transmission spectrum measured by an optical
spectrum analyzer (OSA) and the reflection spectrum mea-
sured by a sensor interrogator of the πFBG. The depth of
the transmission spectrum is >35 dB, indicating a max-
Fiber
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Fig. 1. Schematic of πFBG fabrication using a scanning UV laser and a
phasemask on a nanopositioning stage.
Fig. 2. (a) Picture of the side-hole fiber. (b) Transmission spectrum. (c) and
(d) Reflection spectrum of a πFBG fabricated on the side-hole fiber.
imum reflectivity of >99.96% for the πFBG. The trans-
mission peak at the center of the spectrum of the πFBG
is evident. It is worth noting that due to the limited res-
olution of the OSA (20 pm) and the sensor interrogator
(5 pm), only a single transmission peak was observed in
Fig. 2b and c. The spectral details around the center of the
reflection spectrum were studied using a narrow-linewidth
(<300 kHz) wavelength-tunable diode laser and is shown
in Fig. 2d, which clearly shows the two reflection notches
associated with the two polarization states. We estimated
the spectral separation of the two notches to be 7.4 pm
and the full-width-at-half-maximum (FWHM) of each notch
to be 3.6 pm, leading to a cavity Q of 4.3×105. We
note that the two spectral notches were completely sep-
arated even when no pressure was applied. As a result,
the sensor can measure small or even negative differential
pressures.
To take advantage of the high-Q of a πFBG sensor,
a wavelength interrogation scheme is required. [8] Such a
scheme typically uses a wavelength scanning laser and a
photodetector. Frequency-modulation spectroscopy in which
the laser frequency scanning is achieved through an optical
modulator powered by a scanning rf source can also be
used [13], [14] It is worth noting that angular interrogation
schemes, which use a dispersive element and an array of
photondetectors, are suitable for interrogation of regular FBGs
but may not have the resolution for a high-Q sensor.
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III. EXPERIMENTAL RESULTS
We tested the pressure response of the sensor in a pneumatic
pressure chamber at room temperature. The differential
pressure was increased from 0 to 1000 psi. The pressure was
monitored by a pressure gauge with an accuracy of 6 psi. The
same narrow-linewidth tunable laser used to obtain Fig. 2d
was used to measure the reflection spectrum of the πFBG.
Before each measurement, the light polarization was tuned so
that both spectral notches were observed with similar depth.
Figure 3a gives the reflection spectra at pressure levels of 30,
350, 650, and 1000 psi and clearly shows that the separation of
the two spectral notches increases as the differential pressure
increases. To calculate the spectral separation at a given
pressure, we used a second-order polynomial fit to the data
around the notch wavelength for each notch. Figure 3b shows
the spectral notch separation as a function of differential
pressure. The least-square linear fit of the curve indicates
that the sensor has a pressure sensitivity of 20 pm/kpsi and
the linearity of the pressure response curve has a correlation
coefficient R = 0.9995 over the whole measurement range.
Although the pressure sensitivity of the side-hole fiber used
here is smaller compared to those in other works where side-
hole fibers with larger holes were used [2], [4], the sensor
demonstrated here can still achieve excellent pressure detec-
tion limit due to the significantly improved spectral resolution
by the use of a strong πFBG with high Q and extremely
narrow spectral notches. As an estimation, we assume the
sensor is interrogated by a wavelength interrogation scheme
in which a wavelength tunable laser with a spectral width of
∼2.6 pm and wavelength repeatability of 0.1 pm is used, it
is shown that a resolution of the spectral measurement down
to 0.028 pm can be achieved by a 16-scan averaging for a
resonator with Q = 4.3×105 (Ref. [8]), same as the Q of
the πFBG sensor demonstrated in this letter. Considering the
pressure sensitivity of 20 pm/kpsi of the side-hole fiber used
here, a pressure detection limit of 1.4 psi can be achieved.
To evaluate the temperature cross-sensitivity of the proposed
pressure sensor, we measured the separation of the spectral
notches as a function of temperature at ambient pressure. The
temperature was increased from 25 to 200 °C. The results are
shown in Fig. 4. The scale of the vertical axis is the same as
in Fig. 3b for comparison. It is seen that the separation of the
spectral notches showed little sensitivity to temperature within
the temperature range. The small temperature cross-sensitivity
can be attributed to the relatively small diameters of the holes
in the side-hole fiber.
Although the spectral separation of the two notches is
insensitive to temperature, their absolute spectral positions are
highly sensitive to temperature. To demonstrate the tempera-
ture sensing capability, we measured the Bragg wavelength
shift as a function of temperature using the same sensor
interrogator in obtaining Fig 2c. Figure 5a shows the reflection
spectra at several temperatures. To find the Bragg wavelength
at each temperature, a second-order polynomical fit was
applied to the notch of the curve shown in Fig. 5a. Figure 5b
shows the Bragg wavelength as a function of temperature with
its linear fitting. The results indicate that the πFBG has a
Fig. 3. (a) πFBG reflection spectra at different pressure levels. (b) Separation
of πFBG spectral notches versus differential pressure.
Fig. 4. Separation of the spectral notches of the πFBG versus temperature.
temperature sensitivity of 11.4 pm/°C. Due to the narrow width
of the spectral notch, we expect that the πFBG potentially can
have a much higher resolution for temperature measurement
than regular FBGs with similar length. Assuming that we
use the same wavelength interrogation scheme and the same
spectral measurement resolution of 0.028 pm as in estimating
the pressure detection limit, a temperature detection limit of
0.0025 °C can be achieved.
IV. NUMERICAL VERIFICATION
To numerically validate the sensor response to pressure,
finite-element analysis was carried out to simulate the strain
field distribution over the fiber cross-section at a given pres-
sure, from which the spectral separation of the two πFBG
notches can be calculated. The geometric parameters of the
fiber, shown in Fig. 6a, are similar to those of the fiber used in
the experiment. Young’s modulus E = 73 GPa and Poisson’s
ratio ν = 0.17 were assumed for both the cladding and the
core of the fiber.
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Fig. 5. (a) πFBG reflection spectra at several temperatures. (b) Experimental
results and linear fit of πFBG Bragg wavelength versus temperature.
Fig. 6. (a) Fiber geometry (only a quarter of the fiber cross section is shown)
used in the analysis. (b) Simulation results of the strain field distribution along
the x-axis.
Figure 6b shows the normal strain field distribution along
x-axis (defined by the centers of the two holes) induced
by a hydrostatic pressure of P = 10 MPa (1450 psi). The
normal strains at the fiber axis are εx x = −4.75×10−5 and
εyy = −20.0×10−5. In a single-mode fiber of core index n,
the elasto-optic index changes, δnx and δny , can be evaluated
by [15]
δni = −
(
n3
/
2
)∑
i j pi j εi j (1)
where pi j are the strain-optic coefficients of the fiber material.
The position of the πFBG spectral notches are given by λi =
2ni, from which the separation of the πFBG spectral notches
is evaluated by
λ = λx − λy = −n3 (p11 − p12)
(
εx x − εyy
)
. (2)
Using the simulated strain values and the following para-
meters for fused silica and the πFBG: p11 = 0.121, p12 =
0.270, n = 1.446, and  = 533.5 nm in (2), we obtain that
the 10 MPa pressure causes 34.8 pm separation of the πFBG
spectral notches, corresponding to a pressure sensitivity of
25 pm/kpsi, which agrees reasonably well with the experi-
mental result of 20 pm/kpsi.
V. CONCLUSION
We proposed and demonstrated a fiber-optic hydrostatic
pressure sensor based on a high-Q πFBG on a side-hole
fiber. The reflection spectrum of a πFBG features two narrow
spectral notches, the separation of which is dependent on the
fiber birefringence caused by the pressure applied on the side-
hole fiber. Due to the narrow linewidth of the spectral notches,
small separation can be detected, leading to high-resolution
pressure measurement. The sensor demonstrated in this letter
has an 8.3-mm long πFBG and a linewidth of 3.6 pm for each
spectral notch, corresponding to a cavity Q of 4.3×105. The
spectral notch separation exhibited a sensitivity of 20 pm/kpsi
to pressure and little sensitivity to temperature. The Bragg
wavelength shift exhibited a sensitivity of 11.4 pm/°C to
temperature. For the πFBG demonstrated here, a spectral res-
olution of 0.028 pm can be easily achieved using a wavelength
interrogation scheme, leading to a pressure detection limit of
1.4 psi and a temperature detection limit of 0.0025 °C. The
measured pressure sensitivity agrees well with the theoretical
results obtained by finite-element analysis.
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